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Abstract: We propose to measure the beam-target double-spin asymme-
try (ArT) on a transversely polarized proton target in semi-inclusive deep-
inelastic p(e, e'rT) reaction. In the leading order QCD parton model the
double spin asymmetry Apr arises due to the longitudinal polarization of
quarks in the transversely polarized nucleon. The asymmetry Azr is non-
vanishing only if quarks have non-zero transverse momentum, thus non-zero
angular momentum. Such a non-zero Arr asymmetry in semi-inclusive
DIS reactions has never been established experimentally. Several model
calculations predict a few percent A7 asymmetry for this experiment. In
particular, if one ignores the gauge links, the corresponding transverse mo-
mentum (k) dependent quark distribution function g{; can be related
to the twist-three distribution function gs(z) through the much-debated
Lorentz invariance relation. Under such an assumption, one also expects
a sizable Arr asymmetry. The goal of this experiment is to make the
first definitive measurement of A7 and the quark transverse momentum
dependent distribution g;7 and to clearly establish if it is non-zero. The
technical details of this experiment is mostly identical to that of the ap-
proved “semi-SANE” (E04-113) and “SANE” (E03-109) experiments. The
large acceptance BETA detector, in the identical setting as in the SANE
experiment, will be used to detect the scattered electrons at 40°. The HMS
spectrometer will be used to detect 7 at 2.3 GeV/c and 14° in coincidence
(zx & 0.5). The standard Hall C polarized NHs target will be used in its
transverse setting identical to that of the SANE experiment. A total of
25 days of 6 GeV beam time is needed for this experiment, of which 10
days can be a shared time with the SANE experiment. Therefore, we
request approval of 15 days assuming the SANE experiment is
re-approved.
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1 Introduction

In leading order QCD, when integrating over quark intrinsic transverse momentum,
three parton distribution functions describe the momentum and spin of the quarks
inside the nucleon. These are the quark density distribution f{(z,Q?), the quark he-
licity distribution g{(z, @?), and the quark transversity distribution h{(z, @?*) which
describes quark transverse spin distribution in a transversely polarized nucleon.
Over the past 35 years, many deep-inelastic scattering (DIS) experiments have been
devoted to the detailed studies of quark momentum and helicity distributions. In
the last few years, the HERMES experiment® at DESY and the COMPASS experi-
ment ? at CERN have reported results from semi-inclusive deep-inelastic scattering
(SIDIS) data collected with transversely polarized targets, and the HERMES data
clearly show that the quark transversity distribution is indeed non-zero.

When quark intrinsic transverse momentum (k) is taken into account, the de-
scription of quarks in a nucleon involves a set of 8 transverse momentum dependent
(TMD) distributions at leading order?, as illustrated in Fig. 1. The gauge invariant
definitions of TMD and factorization theorems for polarized SIDIS were carefully
studied by Ji, Ma and Yuan* and by Collins and Metz®. Of the 8-TMDs, six are
time reversal even and two are time reversal odd (fi} and hi), three of them survive
the integration over kp and produce the regular distribution functions with g, — ¢;
and hy — h;. Among the other five TMDs, so far, only the Sivers function fi.
has been experimentally verified as non-vanishing!. There has been some indica-
tion from Drell-Yan cross sections and SIDIS cross sections that the Boer-Mulders
function® hi" might also be non-vanishing.
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Figure 1: An illustration of 8 transverse momentum dependent quark distribution functions.
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The goal of this experiment is to make the first definitive measurement of the
quark transverse momentum dependent distribution g;7 and to clearly establish if
it is non-zero. The distribution function, ¢{;, describes longitudinal polarization
of quarks in the transversely polarized nucleon, it is non-vanishing only with the
existence of a non-zero quark transverse momentum kz, thus a non-zero quark an-
gular momentum. The longitudinal polarization of the active quark, g;7, leads to a
double spin asymmetry (longitudinally polarized lepton and transversely polarized
target nucleon), A;r. With the fast helicity flip of Jefferson Lab’s highly polarized
electron beam, this type of double-spin asymmetry Az is one of the clearest and
easiest experimental observables one can measure in SIDIS reactions at JLab.

On the theory side, there have been several calculations of g;1 based on a spectator
model 7 and a Bag Model®. Both models predict opposite behavior between the u-
quark and d-quark, similar to that of g;, and both calculations predict an asymmetry
Apr at the level of 5% ~ 10% at JLab kinematics for p(e,e'n™) reactions. In
addition, Mulders et. al. established the Lorentz invariance relation® between the
first k7-momentum of g¥; and the distribution function ¢i(z), namely:

() = g (). (1)

Following this relation, Kotzinian et. al® calculated gfg} ) and predicted Arr to be
8% ~ 10% at the kinematics of this experiment.

However, recent theory developments have shown that the gauge link entering
into the definitions of distribution functions plays an important role. For example,
it allows a non-zero Sivers distribution function fi; to exist 0. At first some model
calculations, and after that general considerations, demonstrated '1'%13 that the
Lorentz invariance relation suggested by Mulders et. al. can be violated due to
the presence of the gauge link. To clearly establish experimentally the importance
of the QCD gauge link, and thus the violation of Lorentz invariance relation, one
can make a definitive measurement of A;+ and demonstrate its deviation from the
predictions which follow the Lorentz invariance relation, such as that of Kotzinian
et. al. This is the basic approach of this experiment.

2 Physics motivations

2.1 Semi-Inclusive DIS cross section and asymmetry Arr

The kinematics and the coordinate definition are illustrated in Fig. 2. We define E/
as the energy of the scattered electron and 6, is the scattering angle, v = F — F’
is the energy transfer. The Bjorken-z, which indicates the fractional momentum
carried by the struck quark, is defined as: = = Q?/(2vMy), My is the nucleon
mass. The momentum of the outgoing hadron is p, and the fraction of the virtual
photon energy carried by the pion is: z = Ej,/v. The hadron transverse momentum
relative to ¢ is labeled as Pj,;. At the leading order, when A is a spin zero particle,

5



the SIDIS cross sectior®® can be expressed as:
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where |S,| and |Sr| are the longitudinal and transverse target spin component, A,
is the electron helicity. The azimuthal angles ¢, and ¢g are defined according to
the Trento conventions* as shown in Fig. 2.

Figure 2: The definition of ¢y and ¢g according to the Trento conventions.

The convolution in Eq. 2 represents an integration over transverse momentum of
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initial (k) and final quark (pr) with proper weighting '

- ®.]= [ d@prdkes?(pr - % k)] (3)

These convolutions can be reduced to simple products if the | P, | |-weighted integra-
tions are taken or explicit pr and kr dependencies (like Gaussian distributions) are
introduced.

Only the last term in Eq. 2 is related to both beam helicity and transverse target
spin, the corresponding double-spin asymmetry is:

1 9 hl
?J( -5 ) Zq €q
_ oLt 2 My
-ALT(%.%Z) = = 9 " (4)
ouu 1—y+% Y, e fiD]

Following the definition of Kotzinian et. al®, we include the kinematic factor D(y) =
y(1 — 3y)/(1 — y + 39?) in Appr. In the kinematics of this experiment we have
D(y) = 0.87 ~ 0.97.

2.2 Model calculations of gir.

There has been several model calculations of g;7. In addition to what listed below,
another calculation of a revised version of Gamberg et al. '® will be available in
January 2007.

Spectator model

In a simple spectator model, Jacob, Mulders and Rodrigues” calculated the first kr
moment ¢g%) which is defined as:

k2
g1 (@) = [ d%kr b gl (2, K2). (5)

As shown in Fig. 3, this model predicted opposite behavior of g7, between u-quark

and d-quark, following that of g{ as expected. In comparison, the quark momentum

dlstrlbutlon x f1 generated from the same model is also shown. The ratio for u-quark
1T /f1 , which sets the magnitude for Ayr in p(e, e'7™), is about 5%.

Bag model

F. Yuan calculated 91(T) together with the other TMDs in a Bag Model 8, and the
ratio ng / fi are shown in Fig. 4. The basic features of this calculation are similar to

those of Jacob et. al with the d-quark’s effect being opposite to that of the u-quark
and about half the size.
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Figure 3: Model calculation of gf(Tl )(x) (top panel) for u-quark and d-quark of Jacob, Mulders and
Rodrigues. At the bottom panel, the quark distribution z f{(z) are plotted from the same model.

At x = 0.4 for example, this model predicted gf}l) /2~ 0.05.

Lorentz invariance relation

As is shown by Mulders and Tangerman 3, g%l) (z) is related to the distribution
function ¢4(z),

d
oi(z) = g0, (©

This relation arises from constraints imposed by Lorentz invariance on the antiquark-
target forward scattering amplitude and the use of QCD equations of motion for
quark fields 3. There has been a reasonable DIS experiment data set to extract
information on gf(x) or, one can use the Wandzura and Wilczek '” approximation
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Figure 4: The ratio of g‘ll(T1 )(;U) /fi(z) for u-quark and d-quark from a Bag Model calculation of

F. Yuan®.
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Kotzinian et al.® estimated the ratio gg(Tl ) (z)/f{(x) using the leading order GRV98?
unpolarized and corresponding GRSV2000?° polarized distribution functions, the re-
sults are shown in Fig. 5. The asymmetry A7 at the JLab 6 GeV kinematics of this
experiment are predicted, at our request, using the above ratio and the Kretzer 2!
fragmentation functions, as shown in Fig. 6 for its dependence on z, y = v/E and
z = E./v. As expected, the A asymmetry is the largest in p(e, e'71) reaction, at
the level of 8% ~ 10%.

The violation of Lorentz invariance relation

Recently, it has been shown that gauge link in the definitions of distribution func-
tions plays a important role, for example, it provides the possibility for non-zero
Sivers effect 19, Although it is still an on-going debate, it was demonstrated 1+1%13
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Figure 5: The ratio g/\*(z)/f!(z) for u-quark and d-quark from Kotzinian et al® at Q> = 2.0
GeV2.

that the Lorentz invariance relation suggested by Mulders et. al. can be violated
due to the presence of the gauge link.

How important a role does the QCD gauge link play? How much violation is the
Lorentz invariance relation? Through a definitive measurement of Ay, we expect
to have a clear answer when data from this experimental is confronted with the
predictions which follow the Lorentz invariance relation, such as that of Kotzinian
et. al.

2.3  wu-quark dominance in SIDIS p(e, e'nt) reaction

In the SIDIS reaction of p(e,e'n"), the u-quark contribution dominates the cross
section. At large enough z,, the favored fragmentation function is much larger than
the unfavored fragmentation function i.e. D*(z) > D~ (z), further enhance the u-
quark dominance. The contribution of quark flavor ¢ to the total SIDIS cross section

is:
0y _ 1) DIC)
Tall ie; fi(x) - Di(2)

As shown in Figure 7, u-quarks make up 90% ~ 95% of the total cross section.

In K* production, u-quark contribution also dominates. Under the condition of
u-quark dominance, we have:

(9)

u(1) x
[Arr(z, 2)]T o %. (10)
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Figure 6: Predictions of Az by Kotzinian et al.® at JLab 6 GeV energy for SIDIS production
of 7t (top panels), 7° (middle panels) and 7~ (bottom panels) on proton (solid lines), deuteron
(dashed lines) and neutron (dot-dashed lines).

2.4  FEzxperimental observables

From Eq. 2, in order to access the quark transverse momentum dependent distri-
bution g;7 one needs to have longitudinally polarized lepton beam scatter on a
transversely polarized target and form asymmetry Azp. In practice, there are two
ways of measuring A, thus extracting g;r:

e Form the cos(¢, — ¢s) moment of the SIDIS cross section corresponding to a
fixed beam helicity and target transverse spin direction.

e Form the asymmetry A, with a fixed target transverse spin direction while
flipping the lepton beam helicity.

In this experiment, we follow the second approach, taking the full advantage of
the fast helicity flip of CEBAF’s polarized electron beam. The acceptance of this
experiment is centered around ¢, = 180°, ¢ = 0° for target spin pointing to BigCal
side and ¢g = 180° for target spin pointing away from BigCal side, perfect for
measuring the double-spin asymmetries at the maximum value of cos(¢, — D).

The direct experimental observed asymmetries, for target spin pointing to the
BigCal side, will be formed as:

NOe=1,¢s=0°) — N\ = —1, ¢g = 0°)
N =1,6s = 0°9) + N(\, = —1, 05 = 0°)
11

[Arr(ds = 0°)] 005 = (11)
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Figure 7: The ratio of SIDIS cross section from each quark flavor (o) to the total SIDIS cross
section (,y;) corresponding to the kinematics of this experiment in p(e, e'n™) (left) and p(e, e’ K1)
(right) reactions.

and for the case of target spin pointing away from the BigCal side:

N =1,¢5 =180°) — N(A. = —1, 95 = 180°) (12)
N(Ae=1,¢5 =180°) + N(Ae = —1, ¢s = 180°)

[ALT(¢S = 1800)]mea5 =

Compared with the physics asymmetries Ay, the measured asymmetries are
diluted by the existence of unpolarized nucleons in the target (thus dilution factor
f”+), the fact that neither the beam nor the target are 100% polarized, i.e.:

~ (ALT) 1meas

Awr = f™ PgPr

(13)

We follow the notation of Kotzinian et al. which included the lepton kinematic factor
D(y) in the definition of asymmetry A;;. One expects a sign change corresponding
to a target spin-flip, i.e.: Arr(ds = 0°) = —Arr(ds = 180°).

3 The Experiment

The technical details of this experiment is mostly identical to that of the approved
“semi-SANE” 22 (E04-113) and “SANE” 2 (E03-109) experiments. The large accep-
tance BETA detector, in the identical setting as in the SANE experiment, will be
used to detect the scattered electrons at 40°. The HMS spectrometer will be used
to detect 7T at 2.3 GeV/c and 14° in coincidence (z, =~ 0.5). The standard Hall C
polarized NHj target will be used in its transverse setting identical to that of the
SANE experiment. The trigger of this experiment will be a coincidence between the
HMS-single and the calorimeter-single of BETA.

12



3.1 The choice of kinematics

The definitions of the kinematic variables are the following: Bjorken-z, which in-
dicates the fractional momentum carried by the struck quark, is x = Q?/(2vMy),
where My is the nucleon mass. The momentum of the outgoing pion is p, and the
fraction of the virtual photon energy carried by the pion is: z, = E,/v. W is the
invariant mass of the whole hadronic system and W’ is the invariant mass of the
hadronic system without the detected hadron. We have:

1
W2 = MZQV + QZ(_ - 1)7
xz
W™ = (My + v — E;)* - |7 — p|% (14)

We chose to cover the highest possible W with a 6 GeV beam, 2.2 < W < 3.0
GeV, corresponds to 0.21 < z < 0.53 and 2.0 < @Q* < 4.4 (GeV/c)®.. We also
chose to detect the leading fragmentation pion which carries 2z, ~ 0.5 of the energy
transfer to favor current fragmentation. The value of W' is also chosen to be as
high as possible with a cut of W’ > 1.6 GeV to avoid contributions from resonance
production channels. The kinematics for each z-bin center are listed in Table 1.
Because the BigCal detector can take electron with a large momentum range, only
one setting is needed to cover all the kinematics listed in Table 1. The hadron arm
momentum will be set to p, = 2.3 GeV/c, and the corresponding values of the
missing mass W' and z, are listed in Table 1.

Table 1: Nominal kinematics of each z-bin center for beam energy of £ = 6.0 GeV. One Big-
Cal+HMS setting covers all the kinematics listed. E’ and 6, are the electron arm momentum and
angle. 6, indicates the direction of ¢. The hadron arm angle is fixed at 14°.

E’ 0, (x) W Q? 6, Zn Dr w!
GeV  deg. GeV  GeV?  deg. GeV/c GeV
0. — 14.0°
0.725 40.0 0.206 2.957 2.035 4.89 || 0.44 2.30 2.22
1.150 40.0 0.355 2.599 3.229 8.22 | 0.48 2.30 1.94
1.575 40.0 0.533 2.182 4.422 11.93 | 0.52 2.30 1.61

As shown in Fig. 8, the HMS spectrometer will be located at 14° beam right as the
hadron arm detector. It will be set at a central momentum of 2.3 GeV/c in positive
polarity. For the electron arm, we will use a combination of a large calorimeter
(BigCal), lucite array and gas Cherenkov. This is the same detector package that
will be used in the two approved experiment ?* E03-109,“ Spin Asymmetries on the
Nucleon Experiment” (SANE) and E04-113 ¢ Semi-Inclusive Spin Asymmetries on
the Nucleon Experiment” (semi-SANE). This electron detector, the Big Electron
Telescope Array (BETA), will be centered at 40° on beam left, identical to the
setting of SANE experiment. A detailed description and update of BETA detector
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Figure 8: A top view of the floor arrangement of this experiment, which is very similar to that
of SANE and semi-SANE experiments. The thick red line represents the beam which is incident
from the right (the beam dump is to the left of the picture). The electron-arm detector (BETA) ,
with BigCal in the back, the gas Cherenkov in the front and the lucite array in between, is at 40°
beam left. The HMS is at 14° beam right. The SOS spectrometer will be parked at a backward
angle on beam left.
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is given in the SANE experiment’s PAC31-update. Unlike the SANE experiment,
which takes single-arm electrons in BETA, this experiment is a coincidence p(e, e'n™)
measurement, and the HMS can be used for target position reconstruction. From
coincidence timing and HMS vertex cuts one can easily eliminate the majority of
the background events in BETA, which has been a major technical concern for the
SANE experiment.

3.2 The electron detector BETA

The electron detector, BETA, will be the same as will be used in the SANE experi-
ment. Details of BETA are given in the SANE experiment proposal and its jeopardy
update to PAC31. A brief overview of BETA is given here. One main component
of BETA is a large lead glass calorimeter array, BigCal, to measure the energy of
the electrons. BigCal has been assembled by the Hall C G g, collaboration. BigCal
will first be used in experiments E04-108 and E04-013 scheduled to run in 2007. For
SANE experiment, BigCal will be augmented with three new detectors to become
the Big Electron Telescope Array, BETA. For the SANE experiment and this exper-
iment the main new detector is a segmented threshold gas Cherenkov for additional
7 /e separation. A pion rejection factor of 1000:1 is expected by the combination of
BigCal and the gas Cherenkov. SANE plans to use two hodoscopes: one near the
target and one between the Cherenkov and the calorimeter. These hodoscopes allow
tracking back to the target to reduce beam related background. For this experiment,
the hodoscopes are not necessary, since target reconstruction and cuts will be done
using the HMS spectrometer.

The calorimeter array, BigCal, combines lead-glass blocks used in the Hall A
Real Compton experiment with lead-glass from the Protvino group that was used
at Fermilab. Each RCS lead-glass block has a 4x4 c¢m cross-section and length
of 40 cm, while the Protvino lead-glass block has 3.8x3.8 c¢cm cross-section with a
length of 45 cm. The lead-glass is being stacked 218 cm in height x 120 cm in width,
forming a solid angle of 210 msr at a distance of 3.5 meter from the target. The
blocks are individual wrapped with a thin layer of 1 mil thick aluminized mylar so
that they are optically isolated from each other. The electron energy resolution is
expected to be 5%/4/FE(GeV). A horizontal and vertical position can be determined
by the energy-weighted centroid of the cluster of blocks which share the energy and
is expected to be better than 0.5 cm. For coincidence events, the target position
will be determined by the HMS to about 0.5 ¢cm so that expected angular resolution
for the scattered electron is about 3 mrad. We propose to use the technique of 7°
mass reconstruction as a means of calibration. This technique has been used in
other experiments, such as the RadPhi experiment (E94-016) at JLab and E852 at
Brookhaven which employed a large calorimeter. The gain monitoring system will
be designed and constructed by the University of Virginia group based on the gain
monitoring system that they successfully implemented for the RadPhi experiment.

Temple University has designed and is constructing a gas Cherenkov detector for
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SANE experiment. The gas Cherenkov will have a length of 164 cm with the radiator
gas occupying a length of 125 cm. A total of eight mirrors will be employed in two
columns of 4. The mirrors are designed for point-to-point focusing from the target
cell to the photomultiplier tube. The gas Cherenkov will use dry N, gas which at
20° C has an index of refraction of 1.000279. This corresponds to a pion momentum
threshold of 5.9 GeV/c. The expected number of photo-electrons is 17~20. For a
single-arm inclusive experiment, such as SANE, a gas Cherenkov detector is critical
for the rejection of pion background. However, for a coincidence experiment, such as
this experiment, particle ID contamination on the electron-arm side can be mostly
eliminated by a cut on coincidence time-of-flight.

3.3 The hadron detector: HMS

This experiment will have the HMS spectrometer set in positive polarity, at an angle
of 14° and at a central momentum of 2.3 GeV/c. Protons in HMS, which take 6 ns
longer flight time than 7, can be easily ruled out through coincidence time-of-flight
cuts. In addition, the present HMS aerogel detector , which has an aerogel with n
= 1.030, will fire for 7™ and K™ but not proton. The separation of K from 7+
is not critical in this experiment due to several reasons: first, at 2.3 GeV/c the
Kaon survival factor is 0.23 result in a K+ rate ~ 10% of that of 7%, second, as
have been shown in HERMES data, the production of K is strongly dominated by
u-quark in SIDIS just as in 7 production, thus the small contamination of K+ does
not ruin the physics interpretation of [.ALT];+ in this experiment. At a momentum
of 2.3 GeV/c, charged Kaons barely cross the Cherenkov threshold of the aerogel
detector, a cut on the number of photo-electrons from the aerogel will reduce the
K™ contamination.

3.4 Trigger, time-of-flight resolution and background rates

The hadron trigger in the HMS will be the standard coincidence of 3 out of 4
scintillator planes. The electron arm trigger will be the coincidence of the gas
Cherenkov and the calorimeter. The hardware threshold for the Cherenkov trigger
will be 0.5 to 1 photoelectrons. For the calorimeter, the analog signals from the
individual blocks will be summed in groups of eight to produced a summed signal
plus the individual analog signals are passed through to an ADC. The summed
analog signal will be sent to a discriminator and a threshold equivalent to depositing
500 MeV in the calorimeter will be set. This logical signal will be sent to a TDC. In
addition, it will be used as part of a coincidence circuit for the electron arm trigger
and eventually for the coincidence between the hadron and electron arms.

To calculate singles rates in the electron arm , a Monte Carlo simulation which
includes the target field, the geometry of the target and the magnet’s coils was
developed by Dr. G. Warren. Rates for electrons, positrons, charge pions, protons
and neutrons were calculated. Different codes were incorporated into the Monte
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Carlo for the different particle types. The strong 5T target holding field forces low
energy charge particles to the direction of the beam. From the Monte Carlo, it is
expected that charged particles must have a momentum greater than 180 MeV/c in
order to reach the electron arm when it is centered at 40°. The expected trigger rates
for different particle types are given in Table 2. The rates in the Cherenkov detector
are calculated assuming a threshold of 0.5 to 1 photo-electron which reduces the
raw rate of charged pions by a factor of 100 and essentially eliminates the protons
and neutrons. The rates in the calorimeter were calculated assuming a 500 MeV
threshold on the energy deposited in the calorimeter.

Based on the individual detector rates given in Table 2, We expected the rate of
true coincidence between the gas Cherenkov and the calorimeter to be 0.39 KHz
with an additional accidental rate of 0.07 KHz. The singles rate in the HMS will
be below 10 KHz. With a 100 ns coincidence window between the electron arm and
the HMS the accidental coincidence rate will be below 1 Hz for the whole 100 ns
window. These accidentals can be further reduced by a factor of 10 by a higher cut
on the number of photo-electrons in the data analysis and then additional factor of
20 by a 5 ns cut on the coincidence time. The final accidental rate should be less
than 0.002 Hz with the timing cut.

| | Cherenkov | Calorimeter |

Particle type || et+e~ | #™+x~ | Trigger || e"+e~ | 77 +7~ | 7°+p+n | Trig
Rate (KHz) 1.2 236 3.6 0.3 11.5 79.8 91.6

Table 2: The expected rates for a trigger in the Cherenkov or the calorimeter under assumptions
given in the text.

The coincidence time resolution will be dominated by the timing resolution of
the lead glass blocks in BigCal. Experiment 99-007 in Hall A studied the elastic ep
reaction using a lead glass array with a much larger block size to detect electrons
in coincidence with protons which were detected in the Hall A HRS. In Fig. 9, the
coincidence time spectra for Hall A experiment E99-007 is shown. The resolution in
coincidence time has a 30 of about 3.5 ns. For momentum around 2.3 GeV/c the
time-of-flight difference between the protons and kaons is larger than 3.5 ns .

4 Monte Carlo simulations and phase space coverage

The phase space coverage is obtained from a detailed Monte Carlo simulation which
includes realistic HMS spectrometer models as well as target and detector geometry.
The coverage in the (Q?, z) and (W, z) planes is shown in Fig. 10, and the coverage
in the (W', z), (P,,z) and (z,,z) planes is shown in Fig. 11, color coded for each
z-bin.

The angular coverage of ¢}, and @% is shown in Fig. 12 and Fig. 13. Two settings
of target spin orientation will be taken with (¢4 = 0° and 180°. The coverage of the
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Coincidence Time (ns)

Figure 9: Typical coincidence time-of-flight (TOF) spectra of ep elastic scattering in £E99-007. The
tail to negative TOF is walk in the TDC time due to smaller ADC pulses in the lead glass block.
This could have been corrected for, but for the purposes of 99-007 experiment the resolution was
adequate.

“Sivers angle” ¢, — ¢ angle is shown in Fig. 14. For each z-bin in this experiment,
the full 27 range of the Collins angle ¢;, + @& is covered. as shown in Fig. 15.

5 Event Rate Estimate and Projected Uncertainties

5.1 Cross section and rate estimate

The estimation of the coincidence cross sections has the following inputs:

e The inclusive p(e,e') cross sections. Deep-inelastic cross section of N are
assumed to be the sum of the protons and the neutrons, neglecting the nuclear
effects.

e Parameterizations of the fragmentation functions D and D .

e A model of the transverse momentum distributions of pion and kaon as frag-
mentation products.

The inclusive deep inelastic (e,e’) cross section can be expressed in the quark
parton model as:

d*c a1+ (1—y)?) FE 9
dQdE sxy? My v 2 eofi(®). (15)

9,9

where s = 2E My + M. The unpolarized quark distribution functions f{(z) and
fi(x) are taken from the CTEQ global fits ?*. The semi-inclusive (e,e'h) cross
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Q* ( GeV/c)?

Figure 10: Available phase space in the (Q?,z) and (W,z) planes with each z-bin in different
colors.
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Figure 11: Same as in Fig. 10, phase space coverage in (W', z), (P, z) and (2, )
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Phase Space of (e,e" "), polar plots of 0, versus $pgon

x=0.533
-10 [o] 10

Green circle every 5 deg in O,

Figure 12: Angular coverage of ¢!, are shown for each z-bin, viewed along g.

Phase Space of (e,e' "), polar plots of O versus b,
15 15

Figure 13: Angular coverage of ¢% are shown for each z-bin, viewed along beam. Black:
red: ¢l = 180°.
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Phase Space, polar plots of G, versus o —Puin

\/

x = (.355

x=0.533

Figure 14: Angular coverage of ¢;, — ¢ are shown for each z-bin, viewed along beam. Black:
¢l = 0°. red: ¢l = 180°.

section relates to the quark fragmentation function Dg(z) and the total inclusive
cross section oy, through:

1 do(e,e'h)  Ygqerfi(x)D}(2)
Otot dz Eq,q egff (.’L’)

(16)

For the quark to pion fragmentation functions D;(z) and D_(z), we follow the
parameterization ? of KKP to obtain the sum of D} (z) + D, (z). For the ratio
D_(z)/ D (z), we use a fit to the HERMES data: D_/DF = (1—2)%08 /(14 2)!94,
Kaon fragmentation functions in the KKP parameterization are used to estimate
the kaon rates.

Existing data indicate that the fragmented products follow a Gaussian-like dis-
tribution in transverse momentum. For the N(e,e'm)X reaction, recent HERMES
preliminary datashowed that the transverse momentum (P, ) distribution for both
7+ and 7~ follow the form of e(=*P1) with a = 3.76 (GeV/c)~2, corresponding to an
average quark transverse momentum of (P?) = 0.26 (GeV/c)2. Charged kaon trans-
verse momentum distributions are also found to be similarWe used this distribution
and realistic spectrometer acceptances in a Monte Carlo simulation to estimate the
count rates. The issue of hadron decay is also considered in the rate estimation. The
typical survival factors for 7% of 2.30 GeV /¢ momentum is 0.82, after a flight-path
of 26.0 meter through HMS.
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Phase Space, polar plots of O, versus ®yeent+Puin

x=0.533

Figure 15: Angular coverage of the Collins angle ¢, + ¢ are shown for each z-bin, viewed along
beam. Black: qﬁg =0°. red: ¢ls = 180°. For each z-bin the full 27 range is covered.

5.2 Statistical uncertainties of asymmetry Apr

The event rates from the NH; target (R™"), total number of (e, ¢'7) events in each
x-bin, the statistical uncertainties of the Apr asymmetries corresponding to 500
hours of beam on target are listed in Table-3. We have assumed a beam current of
80 nA, beam polarization of 80%, target thickness of 3 cm, a polarization of 80%
for the NH; target.

() || (z) R™ N™  f7 PyPr G§A%L;
Hz k %
0.206 | 0.44 0.2 2154  0.141  1.53
0.355 | 0.48 0.06 1153  0.153  1.92
0.533 | 0.52 0.02 374  0.164  3.16

Table 3: Coincidence event rates (R™"), the total number of events on NHz (N™"), the product of
beam polarization, target polarization and the dilution factor ( f’r+ PgPr), the expected statistical
uncertainties of this experiment (5,4};). Data of all z-bins will be collected simultaneously.
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5.8  Systematic uncertainties

With the good quality beam suitable for parity experiments which measure beam-
helicity asymmetries to sub-ppm level, the 30 Hz fast beam helicity flip practically
eliminates all significant systematic uncertainties associated with .4, measurement.
This is one of the most important advantages Jefferson Lab has over other lepton
facilities in the world. For example, at the HERMES experiment in DESY, the
positron beam helicity has only been flipped at a rate of once every few months. At
the COMPASS experiment in CERN, the muon beam helicity is fixed for a given
beam energy.

We plan to evenly split the 500 hour production time between the settings of
target spin pointing to and away from the BigCal side. A consistency check of
Arr(os = 0°) = —Apr(¢s = 180°) will expose most of the remaining systematic
uncertainties and false asymmetries. In the following, we list the still remaining
systematic uncertainties which are common to polarized target experiments.

Relative systematic uncertainties of A.r

Knowledge of target polarization and dilution factor dominates the systematic un-
certainty of Ar7. The effects of radiative corrections will be treated in a Monte Carlo
simulation following the procedures of the HERMES analysis, which found that the
systematic uncertainties introduced by this procedure are negligible, at least in the
case of Apr. Kinematic smearing will also be treated following the procedure of the
HERMES analysis.

Major systematic uncertainties in double-spin asymmetries Ay 7:

Uncertainty in target polarization § Pr/Pr: +2.5% relative
Uncertainty in beam polarization 6 Pg/Pg: +2.0% relative
Helicity correlated beam charge uncertainty §(Q, /Q_): < 10~* absolute
Radiative correction and smearing: +1.5% relative
Dilution factor 67" /™" : +2.5% relative

Total relative systematic uncertainty of A7, +4.3%

Absolute systematic uncertainties of A;r: subtracting non-zero A;j,

The transverse target spin orientation is within the lab floor-plane 80° to beam-left
(or 100° to beam right), the angle between the direction of the target spin and the
momentum transfer ¢ is 0,5 = 85° ~ 92° (or O, = 95° ~ 88°). Therefore, the
longitudinal target polarization components is |S;|/S = | cosf,s| ~ 0.035 ~ 0.087.
The longitudinal target double-spin asymmetries A;;, has been measured at the
HERMES kinematics and will be measured with better precision in the Hall C semi-
SANE experiment at a similar kinematics. Even if we assign a much larger relative
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uncertainties of Az; to £10%, its contribution to the systematic uncertainties of
Aprr will still be rather small at the level of 0.001 ~ 0.003, as listed in Table 4.

<.7)) <0q5> ALL 5ALT = |COS 0q5| . 5ALL
0.206 || 84.5° 0.33 0.003
0.355 || 88.2° 0.43 0.001
0.533 || 91.9° 0.46 0.001

Table 4: The absolute systematic uncertainties of Ar7 caused by non-zero longitudinal target spin
component, thus the uncertainties from Apr. A relative uncertainties of 6 ALy /AL, = £10% has
been assigned.

Systematic uncertainties of g%l) /fi: neglecting d-quark contribution

As shown in Fig. 7, d-quark contributes to less than 5% of total SIDIS p(e, e'h™)
cross section. Assuming g%, follows the prediction of Kotzinian et al. with a sign
opposite to that of ¢}, neglecting d-quark contribution will result in an overesti-
mation of gf}l) /fi* by a relative uncertainties of 1.6%, much less than the statistical
uncertainties of this experiment.

Systematic uncertainties of g%’l) /fi: gluon contributions and higher twist
effects

Gluons can contribute to the SIDIS cross sections in general, however, these type of
contribution will be higher-twist or power suppressed since gluon doesn’t couple to
photon directly. Moreover, since the target is a transversely polarized spin—% particle
and gluons carry one unit of spin, there is no known gluon distribution associated
with the transverse target spin.

6 Expected Results and Impacts

With 500 hours of beam on target, we expect to have a rather good measurement, on
asymmetry Ay in three z-bins. Fig. 16 shows the expected statistical uncertainties
of Arr compared with the predictions of Kotzinian et al.®. Clearly, this experiment
has the capability to claim the first definitive measurement of a non-zero Ay r.

Assuming u-quark dominance, the measured asymmetry Apr can be directly
translated into ratio of g#)/ fit. The expected statistical accuracies are shown in
Fig 18 in comparison with the prediction of Kotzinian et al.® and in Fig 18 with
the prediction of F. Yuan®. Another calculation of the revised version of Gamberg
et al.'® will be available in January 2007.
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o
- i
< 0.05 |-
) SO —
-0.05 |- —— Kotzinian et. al.
i Ll Ll Ll Ll L
0.2 0.3 0.4 0.5 0.6
X

Figure 16: The projected statistical uncertainties of Ar7 from this experiment are compared with
the prediction of Kotzinian et al.
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Figure 17: The projected statistical uncertainties of gi‘g)(x) /f¥(z) from this experiment are com-
pared with the prediction of Kotzinian et al.
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. JLab 6 GeV —— Bag Model, Yuan.
- 7" on proton ¢ projected data
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Figure 18: The projected statistical uncertainties of gi‘g)(x) /f¥(z) from this experiment are com-
pared with the Bag Model calculation of F. Yuan.
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7 Beam time request and installation time

The beam time request are listed in detail in Table 5. We request 600 hours (25 days)
of beam time in total, of which 500 hours is for beam on the polarized target. A
large amount of overhead time (100 hours total) is requested mostly for target related
activities. This overhead time can be shared with other experimental activities, such
as Moller measurements and unpolarized target measurements, as has been done in
the past during other Hall C polarized target experiments. Target anneals can also
be arranged to coincide with the scheduled accelerator maintenance activities in
order to save overhead time. The target spin direction will be flipped every time
target is annealed, without causing extra down time than necessary.

| Beam on polarized NH; target | 500 hour |
Target overhead, Moller runs
and 2C target runs. 100 hour
Total Time Request 600 (25 days)

Table 5: Details of the beam time request.

Since the set-up of this experiment is exactly identical to that of the transverse
target running of the SANE experiment, a considerable fraction of this experiment
(200 hours plus overhead) can run concurrently with the SANE experiment. See
Appendix-I for the original table of beam time request of the SANE experiment.
Under such a condition, the total beam request of this experiment is 15
days.

Although this experiment requires a large effort in installation, we point out here
that the same installation effort will allow consequent running of four experiments,
namely the SANE and semi-SANE experiments and the wide-angle Compton exper-
iment.

8 By-products of this experiment

With extra 300 hours beam time added to the transverse SANE run, better precisions
in inclusive asymmetries and structure function g%, thus the d5 moment, can be
reached. The statistical uncertainties will be reduced to 63% of that of SANE.

With many target spin flips and summing over beam helicity, this experiment
will also yield data for target singles spin Ayr. The Collins moment of Ay, which
depends on sin(¢, + ¢s), will be extracted with some reasonable precisions since
this experiment covers the full 27 range of the Collins angle as shown in Fig. 15 Our
coverage on the Sivers angle, ¢, — ¢g is not as good as shown in Fig.14.

A much detailed impact study of this experiment on Collins and Sivers asymmetry
measurement will be presented at PAC31.
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9 Relation with other experiments

e HERMES experiment collected data in 2002-2004 on a transversely polarized
proton target. Since the main goal of HERMES is to obtain target single-
spin asymmetry Apr, part of data were collected with low positron beam
polarization. The beam helicity at HERMES can only be flipped once every
few months, make it rather challenging to extract beam helicity asymmetries.
While the HERMES spectrometer has a good sin ¢ coverage, it has an un-
favorable cos ¢, — ¢s coverage due to its geometrical features. Furthermore,
compare with this experiment the HERMES event sample are dominately at
a lower z region where asymmetry A7 is expected to be smaller.

e COMPASS experiment collected data in 2002 and 2004 on a transversely po-
larized ®LiD target to obtain single-spin asymmetry Ayr. Since the muon
beam at COMPASS has fixed helicity corresponding to a fixed beam energy,
it is rather challenging to extract double-spin asymmetry A;r. In addition,
Apr on a deuteron is expected to be smaller than that of a proton, and at the
COMPASS kinematics (z < 0.1), ALy is expected to be even smaller than the
valence region.

Hall B polarized target data were originally collected for inclusive measure-
ments in order to extract A;, and A;4. Part of data taken in year 2000 with
5.7 GeV beam (EG1b) can be analyzed for (e,e'nr) reactions. However, the
physics goals addressed in this proposal can not be achieved in analyzing the
existing EG1b data. The much higher luminosity, the much better coverage in
deep inelastic kinematics, and the precision knowledge on acceptance, particle
identification and detector efficiency make this proposal unique at Jefferson
Lab.

e The CLAS detector in JLab Hall B does not have the capability to run with
a transversely polarized target.

e JLab 12 GeV upgrade. Transverse spin physics through semi-inclusive DIS is
promised to be a major highlight of Jefferson Lab’s 12 GeV physics program.
With the exploratory first investigation of this experiment to open up new
directions in SIDIS physics, much needed guidances and motivations can be
provided through this experiment to Jefferson Lab’s 12 GeV transverse spin
program.

10 Manpower and collaboration

The core group of people currently in the collaboration can provide enough man-
power to run this experiment. In addition, we expect other groups, such as those
involved in the Hall A neutron transversity experiments, Hall C SANE and semi-
SANE experiments, the HERMES and COMPASS experiment, to join the collabo-

30



ration and to bring their expertise and knowledge to this experiment and to extend
their roles into the physics program of Jefferson Lab’s 12 GeV upgrade.

The Yerevan group will continue its traditional role in supporting hardware works
in Hall C experiments. In particular for this experiment, the Yerevan group will take
the responsibility of the BigCal calorimeter hardware work should needs be identified
beyond that of SANE and semi-SANE.

The Rutgers group will take the responsibility of the BigCal trigger electronics,
extending its role in Gep-I11, Gep-27v experiments as well as in SANE and semi-SANE
experiments. The coincidence trigger electronics between the BigCal calorimeter and
HMS should have been already set up during the Gep-III and Gep-2vy experiments
which are scheduled to start running in the summer of 2007. The Rutgers group will
take the responsibility of further hardware check and debugging of the coincidence
trigger for this experiment, as well as for the semi-SANE experiment. In addition,
the Rutgers group will take the responsibility of physics simulation and part of the
physics data analysis work.

The JLab Hall C group will take the responsibility for the operation of the HMS
spectrometer in its standard configuration. In addition, the Hall C group will take
the responsibility of the data acquisition system, slow control and on-line detector
monitoring software.

11 Summary

This experiment will be the first time that a transversely polarized proton target
being used in a semi-inclusive DIS measurement at Jefferson Lab. The goal of this
experiment is to make the first definitive measurement of the double-spin asymmetry
Apr and the quark transverse momentum dependent distribution g, and to clearly
establish if it is non-zero. This experiment can also be viewed as an exploratory
effort to open up un-chattered territory in SIDIS physics and to provide much needed
guidances and motivations for the transverse target SIDIS program with Jefferson
Lab’s 12 GeV upgrade.

The technical details of this experiment is mostly identical to that of the approved
“semi-SANE” (E04-113) and “SANE” (E03-109) experiments. No extra hardware
preparation work is needed beyond the setting up of the coincidence trigger between
BETA and HMS, which is also part of the semi-SANE preparation. The collabora-
tion has proper manpower and expertise to cover the shifts of the running time and
the target overhead beyond the needs of SANE and semi-SANE. A total of 25 days
of 6 GeV beam are needed for this experiment of which 10 days can be a shared
time with the SANE experiment. Therefore, we request approval of 15 days
assuming the SANE experiment is re-approved.
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A Appendix-I: the original SANE experiment beam time request

The original SANE experiment beam time request?®. The 200 hour transverse target
running listed under 6.0 GeV and 6y = 80° and its associated overhead time can be

shared with this proposal. The total beam time which can be shared amounted to
10 PAC days.

Eream I Oy 0, Time

(GeV) (mA) (0 () (h)
6.0 8 180 40 100
60 8 80 40 200
48 8 180 40 70
48 8 80 40 130
2.4 1000 26 58 10

Packing Fraction 20
Moller Measurements 21
Beam Time 951
Target anneals 62
Energy change 48
Target Rotation 48
Stick Changes 48
Overhead Time 206
SANE Requested Time 654
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